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ABSTRACT 

We present optical and near-infrared follow-up observations of the X-Ray Flash (XRF) of 
July 23 2003. Our observations in the R-band cover the temporal range from 4.2 h to 64 days 
after the high energy event. We also present the results of multicolor imaging extending to the 
K-band on three epochs. The light curve of the R-band afterglow the first week after the burst is 
similar to the light curve for long duration Gamma- Ray Bursts (GRBs), i.e., a broken power-law 
with a late time slope of a « 2.0 {Fi, oc t~°'). Furthermore, the spectral energy distribution 
(SED) has a power-law {Fi, oc i'^'^) shape with slope (3 « 1.0. However, the decay slope at 
t < 1 day is shallow, consistent with zero. This is in qualitative agreement with the prediction 
that XRFs are off-axis classical GRBs. After the first week there is a strong bump in the light 
curve, which peaks at around 16 days. The SED after the peak becomes significantly redder. We 
discuss the possible interpretations of this bump, and conclude that an underlying supernova is 
the most likely explanation since no other model appears consistent with the evolution of the 
SED. Finally, we present deep spectroscopy of the burst both in the afterglow and in the bump 
phase. A firm upper limit of z = 2.3 is placed on the redshift of XRF 030723 from the lack of 
Lya forest lines in the spectrum of the afterglow. The lack of significant absorption and emission 
lines in either of the two spectra excludes a spectroscopic redshift determination. 

Subject headings: cosmology: observations — gamma rays: bursts — supernova: general 
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1. INTRODUCTION 

X-Ray Flashes (XRFs) are transient sources of 
X-ray photons which are distributed isotropically 
on the sky. Their existence as a class with a dif- 
ferent nature than X-Ray Bursters in the Galaxy 
was first put forward by Hcise et al. (2001) based 
on data from the BeppoSAX satellite. They intro- 
duced an operational definition for XRFs, namely 
a fast transient source with duration less than 
1000 s in the Wide Field Camera (covering 2- 
25 keV) that did not trigger the Gamma Ray 
Burst Monitor (covering 40-700 keV). BeppoSAX 
detected 20 such events in the 6 years it was op- 
erational (Heise, in 't Zand, & Kippen 2003). A 
HETE-2 burst is classified as an XRF if its X- 
ray fluence {S) exceeds its gamma-ray fluence, 
i.e., log[S'(2-30 keV)/S'(30-400 keV)] > (Lamb, 
Donaghy, & Graziani 2003). Classical Gamma- 
Ray Bursts (GRBs) are defined as having log[S'(2- 
30 keV)/S'(30 400 keV)] < -0.5, while bursts be- 
longing to the intermediate class are classified as 
X-ray rich GRBs, following Castro-Tirado et al. 
(1994). 

XRFs can be interpreted as the same phe- 
nomenon as classical GRBs with the difference 
being that the high energy spectra for XRFs are 
softer than for GRBs (Hcise ct al. 2001; Barraud 
et al. 2003). The high energy spectra (i^fl/) of 
GRBs are well described by the so called Band 
fimction (Band et al. 1993), which is composed 
of two smoothly connected power-laws. The en- 
ergy at which the two power-laws connect is re- 
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ferrcd to as -Epoak and is where most of the en- 
ergy usually is emitted. For classical GRBs i^peak 
is typically a few 100 keV (Preece et al. 2000). 
The high energy spectra of XRFs arc also well 
fitted by the Band function, but with values of 
£^peak below 100 keV and in some cases even below 
10 kcV (Kippen ct al. 2002; Barraud ct al. 2003). 
For classical GRBs there is a correlation between 
spectral hardness, defined as the fluence in the X- 
ray band divided by the fluence in the gamma- 
ray band, and the fluence in the gamma-ray band 
in the sense that hard bursts have a higher total 
fluence (Ncmiroff et al. 1994). XRFs follow this 
correlation (Barraud et al. 2003). These proper- 
ties of GRBs and XRFs would be naturally ex- 
plained if XRFs were GRBs at very large rcdshifts. 
However, the lack of excessive time dilation com- 
pared to GRBs argues against this interpretation 
(Heise et al. 2001). Moreover, Amati ct al. (2002) 
flnd in a sample of 12 BeppoSAX GRBs with 
known redshifts that the total isotropic equiva- 
lent energy radiated in the 1-10000 kcV range is 
positively correlated with i^peak- This also argues 
against very large redshifts for XRFs. Instead the 
current view is that XRFs are either i) the result 
of classical GRBs seen off-axis (Yamazaki et al. 
2002, 2003; Dado et al. 2003; Rhoads 2003), ii) 
so-called dirty fireballs, which arc rclativistic jets 
with a larger baryon load and hence (assuming 
external shocks) lower F-factor than those of clas- 
sical GRBs (Dormer, Chiang, & Bottchcr 1999; 
Heise et al. 2001), or Hi) fireballs with large F- 
factors and/or low baryon loading that in the case 
of internal shocks lead to the emission of less ener- 
getic photons (Zhang & Meszaros 2002; Barraud 
et al. 2003). 

Prior to XRF 030723, four XRFs had been lo- 
calized to arcmin accuracy. The first was the Bep- 
poSAX burst XRF 011030 (e.g., Heise et al. 2001) 
for which a likely afterglow was detected at ra- 
dio (Taylor et al. 2001) and X-ray wavelengths 
(Harrison et al. 2001). The first XRF localized 
by HETE-2 (XRF 011130) did not lead to an un- 
ambiguous afterglow detection despite extensive 
efforts at optical. X-ray and radio wavelengths. 
XRF 020427, localized by BeppoSAX, exhibited 
an X-ray afterglow, localized to arcsec accuracy 
by the Chandra X-ray Observatory (Fox 2002). 
The first HETE-2 XRF for which an afterglow was 
identified was XRF 020903 (Richer et al. 2002). A 
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candidate optical and radio afterglow was detected 
and a bright galaxy coincident with the transient 
was found at ^; = 0.251 (Soderberg et al. 2003). 
Finally, Watson et al. (2004) suggest that the In- 
tegral burst GRB 031203 was actually an XRF 
based on the modeling of a dust-echo in our galaxy 
observed by XMM (Vaughan et al. 2004). For 
GRB 031203 a radio afterglow (Frail 2003), but no 
optical afterglow, has been detected. The likely 
redshift of this burst is only 0.105 based on the 
spectrum of a galaxy coincident with the position 
of the radio afterglow (Prochaska et al. 2004). 

HST observations have been obtained of the 
fields of XRF 011030, 020903, and 020427. In all 
cases a candidate host galaxy has been identified. 
XRFs 011030 and 020427 exhibited blue R - 24 
host galaxies, typical of GRB host galaxies (Bloom 
et al. 2003). The galaxies are probably not at a 
very high redshift (z < 3.5; Bloom et al. 2003). 
The host galaxy of XRF 020903 exhibits a com- 
plex morphology (Levan et al. 2002; Soderberg et 
al. 2003). A single emission line at 8485 A has been 
detected from the host galaxy of XRF 020427 (van 
Dokkum & Bloom 2003). 

XRF 030723 was detected by the FREGATE, 
WXM, and SXC instruments on-board the HETE- 
2 satellite on July 23.26965 2003 UTC (HETE 
trigger H2777). The event was localized with the 
SXC to a 2 arcmin radius error circle at high galac- 
tic latitude (b = 50°) in the constellation Pisces 
Aus (Prigozhin et al. 2003). The burst duration 
(Too) was 25 s. The total fluence in the 7-30 keV 
band was ~2xl0~^ ergs cm^^ and in the 30- 
400 keV band the fluence was less than 7xl0~* 
ergs cm~^. It was hence clearly an XRF accord- 
ing to the HETE-II definition. Observations of 
the X-ray afterglow to XRF 030723 has been re- 
ported by Butler et al. (2003). In the radio band 
only an upper limit of 180 jj.Jy at 8.46 GHz (July 
26.42 UT) has been reported (Soderberg, Berger, 
& Frail 2003). In this paper we present a compre- 
hensive optical and near-infrared (near-IR) study 
of its afterglow - the first such study for any XRF. 

2. OBSERVATIONS 

We initiated optical follow-up observations of 
the SXC error-box 4.2 h after the fiash. This was 

done near morning twilight from the Danish 1.5- 
m Telescope (D1.5m) at ESO's La Silla Observa- 



tory. Based on these observations we flagged the 
object later found to be the optical afterglow as 
the brightest source {R = 20.9) not present in the 
DSS. Images were secured at the D1.5m also on 
the following night to facilitate detection of the 
afterglow as a transient source. Comparison of 
the images from the first and second epoch ob- 
servations revealed no apparent transients in the 
error-box (Jensen et al. 2003). This later turned 
out to be due to the small initial variability of 
the afterglow: within the errors the afterglow had 
the same R-band magnitude 4.2 h and 21.0 h af- 
ter the burst. The detection of the optical af- 
terglow was subsequently reported by Fox et al. 
(2003). The fact that we had observed an initially 
flat light curve suggested to us that XRF 030723 
was an off- axis GRB. Off-axis bursts should only 
be observable to modest redshifts (Yamazaki et 
al. 2002) and we therefore decided to conduct a 
targeted effort at detecting emission from the ex- 
pected associated supernova (Stanek et al. 2003; 
Hjorth et al. 2003a). We continued to observe the 
afterglow at optical and near-IR wavelengths for 
the following 64 days using the D1.5m and ESO 
telescopes at the La Silla and Paranal observato- 
ries. The afterglow was also observed at 8.1 h after 
the burst with the 0.6-m telescope on Mt. John in 
New Zealand in wide MOA (Microlensing Obser- 
vations in Astrophysics) RI- and BV-band filters. 
The full journal of observations is given in Table 1. 
The data were reduced using standard techniques 
for de-biasing and flat-fielding. 

3. RESULTS 

3.1. Astrometry 

We have determined the celestial position of 
the optical afterglow by comparison with 9 stars 
from the 2MASS catalogue. We find the po- 
sition RA(2000) = 21:49:24.42, Dec(2000) = 
-27:42:47.30 within an RMS scatter of 0.06 arcsec. 
The 2MASS astrometry is tied to the International 
Celestial Reference System (ICRS) via the Tycho 
2 Catalog and is accurate to 70-80 mas. The po- 
sition we derive is consistent with the position 
reported by Fox et al. (2003). 

3.2. The Light curve 

The optical photometry of the XRF was car- 
ried out using the DAOPHOT/ALLSTAR/ALLFRAME 
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photometry packages developed by Stetson (1987, 
1994). Initially each image was run through 
DAOPHOT and ALLSTAR to produce a point-spread 
fimction (PSF) and a star list. Subsequently 
DAOMASTER and DAOMATCH were used on the 
ALLSTAR photometry to derive positional trans- 
formations between the images and generate a 
master star list. From the master star list 7 iso- 
lated objects were selected as PSF stars and then a 
new PSF was generated for each image using these 
stars. After this step, we obtained the final PSF 
photometry using the ALLFRAME program (Stetson 
1994), with the PSFs and positional transforma- 
tions generated above. The errorbars reported on 
the photometry are those produced by ALLFRAME. 
The relative magnitudes were transformed to the 
standard system using observations of the Mark 
A field. For the near-IR data we used aperture 
photometry and used 2MASS stars in the field for 
photometric calibration. The zeropoint uncertain- 
ties are of the order 0.03 mag for both the optical 
and near-IR bands. 

The afterglow is not detected in the early MOA 
Rl-band image, but it is clearly detected in the 
BV-image, which has a much lower sky back- 
ground. We estimate an R-band magnitude by 
calibrating to internal V reference stars and as- 
suming V — R = 0.5, the color determined on July 
24.3. 

In the left panel of Fig. 1 we have plotted the R- 
band light curve ranging from 4.2 h to 64 days af- 
ter the XRF. Here we also show the tentative early 
un-filtered detections (2.7(t and S.lcr) from the 
ROTSE-III telescope (Smith, Akerlof, & Quimby 
2003a) . The decay curve based on our data is con- 
sistent with being flat during the first 24 hr after 
the burst. Assuming that the ROTSE-Ill detec- 
tions are real, they imply a declining phase dur- 
ing the first few hours. Around 1 day after the 
burst the decay slope steepens to about a = 2 
{Fi, oc t~") and remains so for the following 4- 
5 days. About a week after the burst the light 
curve starts to deviate from its fast decay. It then 
quickly rises to a secondary maximum peaked at 
around 16 days, followed by another steep decline 
with power-law slope similar to that prior to the 
bump. 

To quantify the properties of the early R-band 
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to the first 12 data points, up to 6 days past the 
burst. We find ai = 0.10 ±0.06, a2 = 1.84 ±0.04, 
tb = 1.14 ± 0.04 days and = 37 for 7 degrees 
of freedom. Hence this functional form is formally 
rejected by the data. We then followed Beuermann 
et al. (1999) and fit an empirical function of the 
form 

/fl(i) = [(fci t-"^)-" + {k2 f-«^)-"]-Vn, 

where t is the time since the XRF, measured in 
days. For large values of n this function ap- 
proaches the broken power-law, whereas small val- 
ues provide a smoothly broken power-law. We 
found that n w 1.5 gave the best fit. The de- 
cay slopes for n = 1.5 are ai = —0.08 ± 0.08 and 
a2 ^ 2.15 ± 0.08 with = 12 for 7 degrees of 
freedom. In Fig. 1 we have over-plotted the two 
fits as a dotted (broken power-law) and a solid 
(Beuermann) line. 

3.3. Spectral Energy Distribution 

The multiband observations of XRF 030723 al- 
lowed us to construct the spe(;tral energy dis- 
tribution (SED) at five epochs (July 24.4, July 
25.4, July 27.2, Aug 6.3, and Aug 19.0 UT). The 
optical and near-IR magnitudes were corrected 
for Galactic reddening (E(B-V)=0.053, Schlegel, 
Finkbeiner, fc Davis 1998) and transformed to 
specific flux using the conversion factors given 
by Fukugita, Shimasaku, & Ichikawa (1995) and 
Allen (2000), respectively. Given that all multi- 
band observations were not performed exactly at 
the above mentioned five epochs, their correspond- 
ing fluxes were rescaled assuming a power-law de- 
cay {Fi, (X 1"°'). Based on the properties of the 
light curve, the assumed values for a were a = 2 
for July 24.4, July 25.4, July 27.2, Aug 19.0 UT 
and a = for Aug 6.3 UT. In any case, the near- 
IR/optical magnitudes are well clustered around 
the aforementioned five epochs, so the final results 
are not strongly dependent on the assumed values 
of a. A power-law fit in the form F^, oc u~l^ was 
carried out for the five epochs. The results are 
summarized in Table 2. 



4 



A power-law provides a tolerable fit for the first 
four epochs. The spectral index is consistent with 
being constant with a value around /? ~ 1.0. There 
is no indication of a significant spectral bend 
due to extinction as seen for, e.g., GRB 000301C 
(Jensen et al. 2001), GRB 000926 (Fynbo et al. 
2001a; Price et al. 2001), or GRB 021004 (Holland 
et al. 2003). To constrain the amount of extinc- 
tion we assumed an intrinsic power-law shape of 
the SED, an SMC-like extinction curve from Pei 
(1992), and a redshift in the range z = 0.3 — 1.0 
(see Sect. 4.2). For z = 0.3 the 2u upper limit on 
the rest-frame Ay is 0.5 mag and for z = 1.0 the 
limit is 0.4 mag. 

Unlike the earlier epochs, the Aug 19.0 UT 
SED shows a clear deviation from the power-law 
(x^/dof = 58.3). Fig. 2 shows the five epoch 
SEDs. The constraining U- and B-band upper lim- 
its of Aug 19.0 UT (sec filled triangles of Fig. 2) in- 
dicate a clear deficit of flux at wavelengths shorter 
than ~5000 A (observer frame) at this epoch. 

3.4. Spectroscopy 

Spectra of the source were obtained with the 
VLT on three epochs (see Table 1). A 13.2 ks 
spectrum was obtained on July 26.3 when the af- 
terglow had a magnitude of V«23.3. We used the 
300V grism with the GG375 order separation filter 
and a 1.0 arcscc wide slit providing a resolution of 
13.3 A over the spectral region from 3800 A to 
8900 A. The spectrum shows a featureless contin- 
uum with no strong (larger than 3a) absorption 
or emission lines superimposed. The normalized 
spectrum is shown in the upper panel of Fig. 3. 

We also secured spectra of the afterglow at the 
phase of the light curve bump. This was compli- 
cated by the bright moon, which was located near 
the field of XRF 030723 on the sky around the 
time of the bump. The spectra were secured on 
Aug 7.4 and Aug 8.4 with a total integration time 
of 13.5 ks. These spectra were obtained with the 
600RI grism and the GG435 order separation fil- 
ter and a 1.0 arcsec wide slit providing a spectral 
coverage of 5300-8600 A with a resolution of 6.6 
A. The spectrum shows a faint continuum with 
no narrow absorption or emission lines detected 
above 3a significance (Fig. 3). This spectrum is 
consistent with the broad band photometry from 
Aug. 6.3. 



3.5. The Host Galaxy 

In our latest R-band image from Sep. 25.1 
there is a faint, extended source with magnitude 
R = 26.8 ± 0.4 at the position of the afterglow 
(Fig. 4 and Fynbo et al. 2003). However, a deeper 
and later image taken with the SUBARU telescope 
shows the presence of a R = 27.6±0.4 point source 
at the afterglow position (Kawai et al. 2003). The 
nearest other galaxy is located about 2 arcsec 
north of the position of the afterglow. Whereas 
we cannot exclude this object as the host galaxy 
it is most likely unrelated to XRF 030723. We 
therefore consider R « 27 to be an upper limit on 
the magnitude of the host galaxy of XRF 030723. 
Further deep imaging is required to reveal the na- 
ture of the host galaxy. 

4. DISCUSSION 
4.1. The Afterglow 

This study of XRF 030723 is the first example 
of an XRF optical afterglow that has been exten- 
sively monitored. The properties of the early light 
curve and SED are consistent with the hypothesis 
that XRFs are due to the same phenomenon as 
classical GRBs, but seen at a larger viewing an- 
gle. In this scenario the early light curve is the 
result of the competition between two effects: i) 
the decrease in observed flux from the afterglow 
with time as for normal on-axis GRBs, and ii) an 
increase in flux from the afterglow as more and 
more of the jet becomes visible to the observer 
with time. The combination of these effects re- 
sults in a flatter early light curve than for GRB 
afterglows and even a rising early light curve for 
some viewing angles (see Granot et al. 2002; Rossi, 
Lazzati & Rees 2002; and Dado et al. 2003 for 
a discussion in the case of fireball and cannon- 
ball models respectively). In addition, the shape 
of the jet may be important. In the collapsar 
model there is more slowly moving material fur- 
ther away from the jet axis, and the early optical 
afterglow from an XRF will be dominated by emis- 
sion from this material (Zhang, Woosley, & Heger 
2003; Kouveliotou et al. 2004). The exact shape of 
the early light curve will hence be a function of the 
jet structure, the viewing angle, and the density 
profile of the environment. It is possible to rec- 
oncile the tentative ROTSE-III detection with the 
off-axis scenario in the following way: The steep 
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decline following the constant phase indicate that 
this radiation comes from material that is off-axis, 
i.e., our line of sight is outside the range of an- 
gles in which this material flows out. The decay 
rate during the ROTSE observations is poorly con- 
strained, but a steep decay, approximately t~^, is 
most consistent with our first data point. That 
means that this material, too, is viewed off-axis, 
and very likely is the same material that caused 
the off-axis prompt emission to which we attribute 
the XRF. Because the strength of off-axis emission 
decreases very steeply with angle away from the 
axis, this suggests that our line of sight is not too 
far outside the opening angle of the fast material 
that made the prompt emission. That then does 
not leave much solid angle for the slower material 
which caused the plateau. The time of its break, 
about 1 day after trigger, implies an opening an- 
gle of about 10 degrees for explosion energies and 
external densities typical of ordinary GRBs, and 
a minimum initial Lorentz factor of 5-10 for this 
material. Its total energy must be larger than that 
of the faster material, in order to cause the strong 
reflare responsible for the flat light curve. It is 
important to note that for this interpretation it is 
not required that the slower material be further 
off-axis than the fast material: it could also oc- 
cupy the same cone, but follow behind the fast 
material and cause a re-energizing of the original 
forward shock. 

We note that flat light curves have been seen 
also for a few classical GRBs. The optical after- 
glow of ORB 970508 was almost constant from 3 h 
to 24 h after the burst. It then rose by about one 
magnitude before it entered the usual power-law 
decline (Pedersen et al. 1998). Panaitescu & Ku- 
mar (2002) interpret this light curve as the result 
of a slightly off-axis GRB. The ROTSE-III obser- 
vations of the optical afterglow of GRB 030418 
showed a rise during the first 600 s and a roughly 
constant level during the following 1400 s (Smith 
et al. 2003b). Finally we note that the light curve 
of GRB 00030 IC displayed a flat light curve 3-4 
days after the GRB (Jensen et al. 2001). 

The late afterglow light curve, i.e. from 1 to 5- 
6 days after the burst, is also as expected for off- 
axis GRBs. The value a2 ~ 2 is the canonical late 
time slope (see e.g., Andersen et al. 2000, their 
Fig. 4.) reflecting the slope of the distribution 
of energies for relativistic electrons producing the 



afterglow emission in the synchrotron model (e.g., 
van Paradijs et al. 2000). Finally, the spectral 
slope of /? ~ 1.0 is also typical for GRB afterglows 
(e.g., Simon et al. 2001). 

The afterglow of XRF 030723 has also been 
detected in the X-ray band with the Chandra 
X-ray telescope on July 25 and Aug. 4 (Butler 
et al. 2004). The properties of the X-ray after- 
glow is within the range of classical GRBs. The 
decline of the X-ray afterglow from July 25 to 
Aug. 4 corresponds to a power-law decay slope 
of ax = 1.0 ± 0.1 (Butler et al. 2004). This is 
slower than the optical decay suggesting either 
a non-trivial behaviour of the afterglow or that 
the bump could also be present in the X-ray light 
curve. For a full discussion of X-ray emission from 
GRBs, XRFs and SNe we refer the reader to Kou- 
veliotou et al. (2004). 

4.2. Limits on the Redshift 

We first discuss which limits we can place on the 
redshift from the afterglow spectrum. The lack of 
LyQ absorption down to 4000 A due to H I in the 
intergalactic medium (the Lya forest), allows us to 
infer a firm upper limit of 2: < 2.3 for the redshift 
of XRF 030723. It shoidd be noted that this is the 
first time a firm redshift limit can be set from an 
XRF afterglow spectrum - and that this has led 
to the firm conclusion that this XRF is not sim- 
ply a high redshift GRB. If we would furthermore 
make the assumption that the absorption system 
associated with the host galaxy of XRF 030723 has 
properties similar to those of GRB absorption sys- 
tems, we can place stronger limits on the redshift. 
The 1(7 observed equivalent width (W'^obs) for ab- 
sorption lines over the region 4000-6400 A is about 
1 A. This is the region where the signal-to-noise 
ratio in the spectrum is highest and the spectrum 
is not affected by strong sky-subtraction residuals. 
GRB absorption systems appear to always have 
strong Lya absorption lines (Jensen et al. 2001; 
Fynbo et al. 2001b; M0ller et al. 2002; Hjorth et 
al. 2003b; Vreeswijk et al. 2004). From the lack of 
Lya absorption an upper limit of z = 2.1 can be in- 
ferred. GRB absorbers also show C IV absorption 
lines at 1548/1550 A with rest equivalent width 
(W^rost) in the range 1.2-5.1 A (see the same ref- 
erences as for Lya). Therefore a C IV line should 
have been detected at more than 3a significance 
if the redshift is larger than z = 1.6. Further- 
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more, the Mg II doublet at 2800 A has a total 
Wrest in the range 2.6-12 A for GRB absorption 
systems (e.g., Metzger et al. 1997; Andersen et 
al. 1999; Vreeswijk ct al. 2001; Jensen et al. 2001; 
Castro et al. 2003; Jha et al. 2001). The absence of 
Mg II absorption would exclude the redshift range 
0.4 < z < 1.4 under the assumption of absorption 
lines similar to GRB absorbers. 

We have performed a cross-correlation between 
the observed afterglow spectrum and a simulated 
spectrum containing only absorption from Fe II 
and Mg II, but this cross-correlation did not re- 
veal any significant peaks. Due to the lack of 
redshift information we turned to the following 
method. Assuming a redshift we used the spec- 
trum to measure the variance within one resolu- 
tion element at the expected position of a feature. 
By doing this for a sequence of redshifts we can 
plot the 2(7 upper limit on Wj-est for Mg II, Fe 11, 
and C IV. For Fe II we only used the two strongest 
features, Fe II A2382 and A2600. The upper limits 
are compared to known equivalent widths of GRBs 
in Fig. 5. The figure shows that if the absorption 
lines from the absorption system associated with 
XRF 030723 had been similar to the absorbers as- 
sociated with known GRBs, we would have ex- 
pected an absorption line from either Mg II, Fe II, 
or C IV if the redshift is larger than 2; = 0.5. 

However, if at z < 0.5 the host galaxy is ex- 
tremely faint. Bloom et al. (2003) argued that 
two XRF hosts were at z > 0.6 based on their lu- 
minosities, and the host of XRF 030723 is almost 
3 magnitudes fainter than these hosts. In fact, at 
z < 0.5 the host galaxy has to be fainter than 
M « — 15. We therefore consider this low redshift 
unlikely. 

It is more plausible that the absorption system 
associated with XRF 030723 is weaker than typ- 
ically found for GRB absorbers. This would im- 
ply that XRF 030723 is located in an environment 
with lower density than found for most GRBs 
so far. We consider the upper limit of 2: < 2.3 
the only strong limit we have on the redshift of 
XRF 030723 based on the afterglow spectrum. 

Finally, we note that Atteia et al. (2004) have 
determined fiducial redshifts (pseudo-z) for a sam- 
ple of HETE bursts. The pseudo-z is based on 
the high-energy properties of the burst. For 
XRF 030723 Atteia et al. report a pseudo-z of 
0.59. 



4.3. The Nature of the Bump 

For long duration GRBs the relation to super- 
novae (SNe) became firmly established with the 
discovery of the type Ic supernova SN 2003dh as- 
sociated with GRB 030329 (Stanek et al. 2003; 
Hjorth et al. 2003a). If XRFs are simply the same 
phenomenon as long duration GRBs, but seen fur- 
ther away from the jet axis, we would also expect 
to see supernovae underlying the light curves of 
XRFs. It would thus be natural to try to explain 
the bump we see in Fig. 1 as the signature of a 
SN. The putative supernova peaks after about 16 
days in the R-band, and the spectral energy distri- 
bution after the peak becomes significantly redder 
than the early power-law spectra (see Sect. 3.3). 
This motivates us to investigate whether the bump 
is consistent with a supernova origin, in terms of 
peak luminosity, timing and SED. 

The peak time of approximately 16 days after 
the XRF is early even for a local supernova. The 
light curve peak is also unusually narrow. Fitting 
a simple Gaussian to the peak gives a value of 
1.7 mag for Ami5, i.e., the increase in magnitude 
between peak and 15 days later. Correcting for 
time dilation corresponding to a reasonable red- 
shift, the intrinsic width gets even smaller (and 
Amis larger). Early, narrow SN light curve peaks 
are expected from progenitor stars that have lost 
(most of ) their hydrogen (and helium) envelopes. 
Of the known supernovae, the one we have found 
to produce the best match to the light curve is the 
type Ic SN 19941. In the right panel of Fig. 1 we 
plot the B-band light curve of SN 19941 redshifted 
toz = 0.6 on top of the light curve of XRF 030723. 
We have subtracted an extrapolation of the power- 
law afterglow component (from the Beuermann 
fit). The errors include the photometric error as 
well as the formal error from the subtraction of 
the Beuermann fit. As seen, the match is quali- 
tatively acceptable except for data points before 
the peak. We cannot, however, exclude an af- 
terglow light curve shape that is difi^erent from 
the purely empirical Beuermann function. Such 
a difference would give large systematic errors on 
the data point prior to the peak. In particular, 
a steeper late time decay slope would leave more 
room for a longer rise time for the SN. SN 19941 
displayed a very fast light curve (Richmond et 
al. 1996). Further, the observations of SN 19941 
show that the peak width becomes narrower at 
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shorter wavelengths, so a ncar-UV hght curve will 
surely be intrinsically more narrow than a B-band 
light curve, partially canceling the time dilation 
effect. In addition, the decline rate, as measured 
by Amis , also differs considerably between differ- 
ent type Ic supernovae. Richmond et al. (1996) 
estimate for SN 19941 that Amis (17) ~ 2.5 (our 
estimate), Ami5(i?) ~ 2.1, and Ami5(y) ~ 1.7, 
while the peak magnitude was reached after 8, 9 
and 10 days (rpcak), in the U, B and V bands, re- 
spectively. For SN 1998bw we estimate the corre- 
sponding numbers from Galama et al. (1998) to be 
Amis(f/) ~ 1.3, Amis(B) - 1.0, Ami5(F) - 0.7, 
and rpeak(t^) = 13.5 days, Tpeak(-B) = 14.7 days, 
and rpeak(V) = 17.0 days. Finally, SN 2002ap 
reached maximum brightness in U at 6.2 days, and 
in V at 9.9 days (Foley et al. 2003). There is thus 
a large variation in both the rise time and decay 
time of type Ic supernovae. It is, however, obvious 
that any supernova connected to XRF 030723 has 
to have a light curve which is at least as fast as 
SN 19941, and quite unlike SN 1998bw. 

Although SN 19941 is the fastest type Ic to date, 
there is no reason to exclude even faster scenarios. 
In a simple model, the width of the light curve at 
the peak is set by Tpeak oc k^/2^3/4^-i/4 (g_g_ 
Arnett 1996), where E is the total energy, M the 
mass of the ejecta, and k the opacity. A faster 
light curve could therefore imply a smaller ejecta 
mass or/and a more energetic explosion. A lower 
effective opacity, caused by e.g., a higher effec- 
tive temperature, would also decrease Tpeak- Be- 
cause the estimated C-0 core mass of SN 19941 is 
only ~ 2.1 Mq (Iwamoto et al. 1994), the most 
likely reason for a faster time scale is a higher ki- 
netic energy, possibly in combination with a large 
asymmetry. As several studies have shown (e.g., 
Maeda & Nomoto 2003; Woosley & Heger 2003), a 
highly asymmetric explosion may result in a fast 
rise time. A less central distribution of the ra- 
dioactive ^^Ni would further enhance this effect. 
Because the diffusion time ra oc R'^pn oc l/{Vt), 
faster expansion in the polar direction leads to a 
shorter Td and a faster rise time (Hoflich, Wheeler, 
& Wang 1999). 

The absolute magnitude at the peak is deter- 
mined by the amount of ejected ^^Ni, which is not 
necessarily correlated with the parameters deter- 
mining the width of the peak. The late bump of 
XRF 030723 peaked at R « 24.0. This may pro- 



vide a hint as to the redshift for the object. At a 
redshift of z = 0.4, the apparent supernova bump 
would be as faint as SN 19941. While the putative 
supernova could in principle be even fainter than 
the mediocre SN 19941, even lower redshifts would 
also make the host an unusually faint galaxy (see 
Sect. 4.2). On the other hand, for a redshift of 
z = 1.0, the assumed bump would correspond to 
a supernova about three times as bright as the 
powerful SN 1998bw. 

There is not much information from the SED 
(Fig. 2) to confirm a supernova origin for the late 
bump . However, the clear red evolution of the 
SED can exclude many other possible origins (see 
below). If the redshift is as high as 2; ~ 1, most of 
the observed optical emission (UBVRJ) will cor- 
respond to the near-UV regime, which is poorly 
known for type Ib/c supernovae at early phases. 
An HST spectrum of SN 19941 does show a strong 
depression in the UV at 11 days past B maximum 
(Millard et al. 1999). This is also seen in type 
la and typo IIP supernovae, and is interpreted 
as arising from the strong UV blanketing due to 
the abundance of overlapping lines from especially 
Ca II, Fe I and Fe II, as well as bound-free absorp- 
tion by C II. The only really early near-UV spec- 
trum of a type Ic supernova we are aware of is a 
HST spectrum of SN 2002ap taken 6 days before 
maximum (courtesy of the SINS-team, P.I. Kir- 
shner). This spectrum also shows a steep decline 
into the UV. The flux decreases by a factor ten 
between 4300 A to 2700 A. 

We stress, however, that a comparison with the 
very limited local sample of type Ic supernovae 
may be misleading for several reasons. It is quite 
likely that the X-ray flash emerges in the polar di- 
rection, where the expansion velocities are highest 
and the density lowest. Those parts of the ejecta 
may also have a higher '"'^Ni fraction, and there- 
fore a higher effective temperature. These factors 
may together lead to a higher degree of ionization 
at these stages, which would make UV line blan- 
keting less effective. A measurable UV flux at the 
time of the peak - as would be needed to inter- 
pret the light curve bump as due to a supernova 
at 2; ~ 1, could therefore result. 

If we interpret the non-detections in the U B 
bands after the peak as due to the UV-blanketing, 
the redshift would have to be in the range z ~ 
0.3 — 1.0. The late K band detection also ar- 
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gucs against a lower redshift, to match the SED 
of known type Ic supernovae (e.g., Yoshii et al. 
2003). 

The absence of any supernova features in the 
spectrum taken in the bump-phase is not sur- 
prising since the expected small amplitude undu- 
lations in this limited wavelength range are not 
likely to stand out at this signal-to-noise ratio (see 
Fig. 3). This is true for SNe with large expan- 
sion velocities like SN 1998bw. We can, however, 
probably exclude SNe with lower expansion veloc- 
ities, as for SN 19941 (see Fig. 3). Very broad 
spectral features, and a narrow light curve, are 
expected from an energetic and asymmetric ex- 
plosion viewed pole on (e.g., Iwamoto et al. 1998; 
Hoflich et al. 1999). 

In summary, an interpretation of the late, red 
light curve bump as due to a supernova at red- 
shift z = 0.3 — 1.0 appears to be consistent with 
the observations. This fits nicely with the recent 
findings of a firm supernova connection for GRB 
030329 (Garnavich et al. 2003; Stanek et al. 2003; 
Hjorth et al. 2003a) and with the spectroscopic 
redshift {z = 0.25) of the probable host of XRF 
020903 (Soderberg et al. 2003). Regarding the 
SED we can only qualitatively say that the SED 
is consistent with a supernova which is emitting 
strongly in the UV at maximum, but for which 
the UV-depression sets in at later phases. A more 
secure and quantitative statement is prevented by 
the poor knowledge of the early UV spectra of type 
Ic supernovae and the lack of a spectroscopic red- 
shift. 

Other explanations to consider for the bump 
are i) a refreshed shock (Granot, Nakar, & Piran 
2003 and references therein), ii) a two-jet model 
as the one proposed for GRB 030329 (Berger et al. 
2003; Huang ct al. 2003), in) the cncoimtcr with 
the termination shock of the progenitor wind or 
other density enhancements (e.g., Ramirez- Ruiz 
et al. 2001), iv) a dust-ccho (Esin & Blandford 
2000; Reichart 2001), and possibly v) microlens- 
ing (Garnavich, Loeb & Stanek 2000). The sharp 
rise of the light curve in the bump phase is diffi- 
cult to explain for density variations or refreshed 
shocks. The light curve can be reasonably well 
described by a two-jet model (Huang et al. 2003). 
However, the fundamental problem with most of 
the alternative models is to explain the SED. A 
power-law SED is expected at all epochs, and this 



is clearly excluded by the data. On the other hand, 
an increasing absorption of blue light is probably a 
generic feature for a supernova. We find the dust- 
echo unlikely as the host appears to be a tiny dwarf 
galaxy that most likely has a very low dust con- 
tent. Therefore, we consider a SN the most likely 
explanation for the late light curve bump. Within 
this scenario, the evolution of the X-ray afterglow 
remains to be fully understood. 

5. CONCLUSIONS 

We have presented the first detailed multi-color 
study of the afterglow of an XRF. The proper- 
ties of the early light curve are in agreement with 
the predictions for off-axis classical GRBs both in 
the fireball and cannonball models. After the first 
week there is a strong bump in the light curve, 
peaking at around 16 days after the XRF. The 
SED after the peak of the bump becomes signifi- 
cantly redder and can no longer be fit by a power- 
law. We have considered the possible interpreta- 
tions of this bump, e.g., an underlying supernova, 
a second jet, a refreshed shock or an encounter 
with a density enhancement. We conclude that a 
SN is the most likely explanation since no other 
model can qualitatively explain the evolution of 
the SED. We also present deep spectroscopy of 
the burst both in the afterglow and in the bump 
phase. Unfortunately, no redshift determination 
has resulted from the spectra as there are no sig- 
nificant absorption or emission lines detected. A 
firm upper limit of z < 2.3 on the redshift is es- 
tablished from the lack of any Lya forest lines 
in the afterglow spectrum. If the bump in the 
light curve is indeed due to a supernova the most 
likely redshift is in the range ~0. 3-1.0. The lack of 
significant absorption lines in the afterglow spec- 
trum and the lack of any indication of extinction 
in the afterglow SED is indicative that the pro- 
genitor was in an environment with lower density 
than typically found for GRBs. The host galaxy 
has not been unambiguously detected. Prom the 
upper limit of R > 27.0 and the preferred redshift 
range of z « 0.3-1.0 we conclude that the host is 
a dwarf galaxy. 
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Table 1 

Log of observations and photometry of the afterglow of XRF 030723. Upper limits are 
measured in a circular aperture with diameter of 2 arcsec and are 2 sigma. 
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on no 1 nil 
zu.yz ± U.ii 


July zo.oUyU 


n QQfi/l 

U.ooy4 


rS V-MUA 


o X oUU 


U.Dm/MUA 


01 1 ^ 1 nor 


July zo. DUyU 


U.ooy4 


xli-MUA 


o X oUU 


U.Dm/iVIUA 


\ on n 


July z4.ioo 


U.oDo 


K 


Q w con 
o X oUU 


T^l /T^T?OC?0 

Ui.om/Ur UoL/ 


on nt? _i_ i\ f^c^ 

zu.ye ± U.Uo 


July 1^.666 


I.UDo 


K 


o X dUU 


Ui.om/Ur UoL/ 


oi 1 ^ -1- n nc; 
zi.io ± U.Uo 


July z4.c>dL) 


1.1)91) 


V 


^> X dUU 


u L.oTa/ ur UbO 


oi t;o_i_nno 

zi.ba ± U.U3 


July z4.oo4 


1 11/1 


Js 


lo X OU 


IN i i /bUr i 


ia.oi ± U.Uo 


July z4.oy/ 


1 1 07 

1. Iz / 


rl 


lo X OU 


IN i i / oUr i 


iy . i4 ± U. i i 


Tnitr 0/1 /inn 
July z4.4Uy 


1 1 QO 


KS 


lo X OU 


IN i i /bUr 1 


LO.OO ± U.Uo 


Tnltr 0/1 /101 

July z4.4zi 


1 1 c;i 

i.iol 


Js 


lo X OU 


IN i i /bUr 1 


1 n 70 1 n no 

iy. (9 ± U.Uo 


July z4.4cici 


l.lbci 


TT 

rl 


15 X oU 


IN 1 1 /bUi* i 


1 n ot? _i_ n 1 o 

iy.zD ± U.iz 


July z4.44d 


1 1 'TC 


Ks 


15 X oU 


IN 1 1 /bUrl 


io /io_i_n in 
l5.4z ± U.iU 


July z4.c>yD 


1 1 O/^ 
i.lZD 


i 


o X dUU 


Ui.om/Ur UbO 


on 70 _i_ n f\A 
zU. ( z ± U.U4 


Tnlir 0/1 /111 

July z^.^LL 


1 1/11 
1.141 


tx 


4 X DUU 


Ui.om/Ur Ub*^ 


OI 0/1 -L n np; 
zi.z4 ± U.Uo 


TiiKt OC; 11/1 

July zo.ii4 


1 Q A A 


1 > 

K 


Q , , con 
o X dUU 


Ui.om/Ur UbU 


oo nn 1 n 1 n 
zz.UU ± U.iU 


July zo.o4d 


o n7i^ 


1 > 

K 


/ X dUU 


Ui.om/ Ur UbL/ 


oo Q1 _i_ n (^T 
zz.oi ± U.U ( 


July zo.o/^o 


O 1 C\Q 


Js 


lo X OU 


IN i i /bUr i 


on 1 /I _L n 1 
zU.i4 ± U.iO 


July zo.oyi 


O 1 01 


TT 

xl 


10 X oU 


iN i i /bUr 1 


1 n c^n _i_ n oo 
iy.OU ± U.zz 


July Z0.4UO 


z.ioo 


ivs 


iO X DU 


IN i i /bDr 1 


1 fi HQ -L n oc: 
iy.Uo ± U.zij 


Tnltr OCC /inO 

July z0.4Uo 


O 1 QQ 


K 


o X dUU 


Ui.om/Ur UbO 


oo 1 Q -1- n nr; 
ZZAo ± U.Uo 


July ZD. zoo 


z.yoo 


V 


oU 


"^TT /T70T5QT 
Viji / r UKbi 


OQ y1 1 in f\'7 

zc>.4i ± U.U ( 


July zD.zoy 


z.yoy 


V 


KO 

oU 


Viji /r UKbi 


OQ OQ _i_ n n^ 
zo.zo ± U.U 


Tnltr O/^ QQ 

July zD.oo 


o.Uo 


IjOUU V +ljitjrC> /o 


oo i^nn 
zz X DUU 


^/"TT^ /T?OT>Q1 

VLi /i* Uilbi 


spectra 


July z/.ioU 


Q con 


IvS 


lU X dU 


Viji /ibAAL> 


OI r\A 1 n OI 
zi.U4 ± U.zi 


TiiItt OT 1 71 

J uly Zi.ifi 


Q om 

cj.yui 


Js 


iU X bU 


■\7"T /TC A A 
Vlji /IbAAU 


oo AR _i_ n OQ 
zz. 40 ± U.zd 


juiy z i . loU 


o.y lu 


n 


lU X DU 


V Ij i- / lo AAV^ 


OI n^; -\- n ^^ 

Zl .UO It U. iO 


July 27.212 


3.942 


U 


6 X 300 


VLT/FORSl 


23.83 ±0.15 


July 27.228 


3.958 


B 


300 


VLT/FORSl 


24.31 ±0.07 


July 27.232 


3.962 


B 


300 


VLT/FORSl 


24.57 ±0.10 


July 27.236 


3.966 


V 


300 


VLT/FORSl 


24.04 ±0.06 


July 27.241 


3.971 


V 


300 


VLT/FORSl 


24.12 ±0.12 


July 27.245 


3.975 


R 


300 


VLT/FORSl 


23.64 ±0.05 


July 27.249 


3.979 


R 


300 


VLT/FORSl 


23.56 ± 0.05 


July 27.255 


3.985 


i 


300 


VLT/FORSl 


23.08 ±0.08 


July 27.260 


3.990 


i 


300 


VLT/FORSl 


23.08 ±0.08 


July 29.150 


5.880 


R 


300 


VLT/FORSl 


24.63 ±0.13 


July 29.154 


5.884 


R 


300 


VLT/FORSl 


24.38 ±0.11 


July 29.158 


5.888 


R 


300 


VLT/FORSl 


24.62 ±0.13 


July 31.100 


7.830 


R 


6 X 300 


VLT/F0RS2 


25.00 ±0.14 


Aug 3.240 


10.970 


R 


12 X 300 


VLT/F0RS2 


25.16 ±0.07 
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Table 1 — Continued 



Date 


At 


Filter /Grism 


Exposure time 


Instrument 


Brightness 


(UT) 


(days) 




(s) 




(mag) 


Aug 6.228 


13.958 


V 


6 X 600 


NTT/SUSI2 


24.39 ± 0.08 


Aug 6.240 


13.970 


i 


6 X 600 


NTT/SUSI2 


23.92 ±0.23 


Aug 6.254 


13.984 


R 


6 X 600 


NTT/SUSI2 


24.28 ±0.07 


Aug 6.308 


14.038 


R 


6 X 600 


VLT/FORSl 


24.14 ±0.03 


Aug 6.368 


14.098 


B 


6 X 600 


NTT/SUSI2 


25.04 ±0.10 


Aug 7.291 


15.021 


R 


180 


VLT/F0RS2 


24.16 ±0.09 


Aug 7.296 


15.026 


R 


180 


VLT/F0RS2 


24.20 ±0.11 


Aug 7.359 


15.089 


600RI+GG435 


15 X 540 


VLT/F0RS2 


spectra 


Aug o.oZ ( 


ID.UO ( 


T) 
XV 


ioU 


ATT /TT'O'D CO 
VIjI / r Uxvoz 


O/l ClA _L n 1 Q 
/4.U4 ± U.io 


Aug 8.331 


16.061 


R 


180 


VLT/F0RS2 


24.03 ±0.10 


Aug 8.380 


16.110 


600RI+GG435 


10 X 540 


VLT/F0RS2 


spectra 


Aug 9.396 


17.126 


R 


6 X 300 


VLT/F0RS2 


24.16 ±0.04 


Aug 10.335 


18.065 


R 


14 X 600 


D1.5m/DF0SC 


23.88 ± 0.44 


Aug 14.168 


21.898 


Ks 


150 X 60 


VLT/ISAAC 


21.19±0.11 


Aug 17.052 


24.782 


R 


15 X 600 


NTT/SUSI2 


25.08 ±0.09 


Aug 19.007 


26.737 


B 


3 X 600 


VLT/FORSl 


> 26.8 


Aug 19.091 


26.821 


U 


15 X 600 


VLT/FORSl 


> 27.0 


Aug 19.168 


26.898 


R 


3 X 600 


VLT/FORSl 


24.99 ±0.06 


Aug 19.191 


26.921 


i 


3 X 600 


VLT/FORSl 


23.88 ±0.05 


Sep 3.291 


42.021 


R 


6 X 600 


VLT/FORSl 


25.97 ±0.12 


Sep 25.135 


63.865 


R 


4 X 600 + 480 


VLT/FORSl 


26.58 ±0.29 



Table 2 

Evolution of the XRF 030723 SED 



Observing Epoch 
(UT) 


Filters 




xVdof 


July 24.4 


VRiJsHK, 


0.96 ± 0.04 


1.5 


July 25.4 


RJsHKs 


1.31 ±0.13 


3.6 


July 27.2 


UBVRiJsHK, 


1.00 ±0.07 


2.2 


Aug 6.3 


BVRi 


1.03 ±0.25 


3.1 


Aug 19.0 


RiKs 


1.15 ±0.10 


58.3 
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Fig. 1.— 

Left panel: The R-band light curve of the afterglow of XRF 030723. The filled cirelcs are the measurements 
from this work (Table 1) and the two open circles are the tentative early detections from the ROTSE-III 
telescope (Smith et al. 2003a). The dashed and solid lines are the result of broken power-law and 
Beuermann function fit to the first 12 data points. Right panel: The late time bump. In this plot we have 
subtracted the extrapolation of the power-law component from the afterglow (based on the Beuermann fit). 
The errors include the photometric error as well as the formal error from the subtraction of the Beuermann 
fit. We also include the latest reported detection (open circle) of Kawai et al. (2003). The dashed curve 
shows the B-band light curve of the type Ic SN 19941 redshifted to z = 0.6, and scaled up in flux by one 
magnitude. This combination of redshift and a very fast light curve provides the best match to the late 
light curve. 
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Fig. 2.— 

The evolution of the SED from July 24.4 to Aug. 19.0. As seen, the SED is consistent with a power-law in 
the first four epochs. However, after the bump in the light curve there is a strong deviation away from the 
power-law SED due to a faster drop in the bluest bands. 
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Fig. 3.— 

Upper panel: The normalised spectrum of the optical afterglow from July 26.3. The dotted line shows the 
noise spectrum. There are no absorption lines significant at more than 2(t. We show only the spectral 
region from 3750 A to 6800 A that is largely unaffected by strong sky-subtraction residuals. Lower panel: 
The solid line shows the spectrum of XRF 030723 taken during the peak of the light curve bump (Aug. 
7.4+8.4). The spectrum has been rebinned in 30 A wide wavelength bins. For comparison we show the 
spectra of SN 1998bw (taken at 3 days past B-band peak, Patat et al. 2001) and SN 19941 (taken 1 day 
past B-band peak, Clocchiatti et al. 1996). Both spectra have been rcdshifted to z = 0.6 (cf. Sect. 4.3) and 
scaled in flux to match the level of the bump spectrum. The spectrum of the bump is compatible with that 
of a SN with a high expansion velocity similar to SN 1998bw or SN 2002ap, while we can probably exclude 
a SN with a low expansion velocity (as SN 19941). 
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after the burst. East is to the left and North is up. The position of the afterglow is marked with a cross 
(the size of the cross corresponds to the lOcr error-circle on the astrometry). There is some evidence for an 
extended source with position angle about 90° (EofN) at the position of the afterglow (Fynbo et al. 2003). 
However, a later and deeper SUBARU image shows only a fainter point-source at the afterglow position 
(Kawai et al. 2003). Further deep imaging is required to reveal the nature of the host galaxy. 
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Fig. 5. 

Upper limit on the rest-frame equivalent width as a function of redshift. In the three panels labelled Mg II, 
Fe II, and C IV we present the 2(j upper limits (solid lines) on the total VFrcst measured in the afterglow 
spectrum as a function of assumed redshift for the mentioned transitions. The upper limits arc compared 
to GRBs with known Mg II (plotted with +), Fe II (plotted with o) and C IV (plotted with x) equivalent 
widths. The dashed and dotted lines show the mean and Icr spread of the Vv\cst GRB measurements. The 
lower right panel shows the combined plot of the three other panels. 
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